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A novel technique for the rejection of gamma background from charged-particle spectra was demon-
strated using a CVD diamond detector with a 6Li neutron converter installed at a thermal neutron
beamline of the TRIGA research reactor at the Atominstitut (Vienna University of Technology). Spectra of
the alpha particles and tritons of 6Li(n,T)4He thermal neutron capture reaction were separated from the
gamma background by a new algorithm based on pulse-shape analysis. The thermal neutron capture in
6Li is already used for neutron ﬂux monitoring, but the ability to remove gamma background allows
using a CVD diamond detector for thermal neutron counting. The pulse-shape analysis can equally be
applied to all cases where the charged products of an interaction are absorbed in the diamond and to
other background particles that fully traverse the detector.
& 2015 CERN for the beneﬁt of the Authors. Published by Elsevier B.V. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
CVD diamond detectors can be effectively used for neutral and
charged particle spectroscopy and counting [1]. As a detector
material, diamond offers a unique combination of properties:
- low leakage current;
- low capacitance;
- high electron–hole mobility;
- excellent timing resolution;
- radiation resistance;
- high thermal conductivity.
Diamond detectors are widely used as beammonitors and particle
counters [2–5], particularly in high irradiation conditions [6–8]. They
are successfully used for neutron detection [9–11] and neutron cross-
section measurements [12,13]. They can be used for neutron ﬂux
measurements using two different approaches for the different
neutron energies [14–16]. Fast neutrons can directly interact with
diamond through the inelastic scattering reactions of neutrons with
carbon. The charged particles produced in these reactions create an
ionisation charge in the diamond. Diamond detectors have ionisation
energy of typically 13 eV/eh-pair. The electrons and holes drift in a
bias electric ﬁeld and induce a current which is read out as a signal.
In the case of thermal neutrons a neutron converter must be used.
The thermal neutron capture reactions in the converter produce the
charged particles which can be registered by the detector. One of the
commonly used converters is 6Li [17]. Thermal neutrons interact with
the 6Li foil through the 6Li(n,T)4He reaction. Two charged particles
are produced when a neutron is captured by a lithium nucleus: an
alpha particle with the energy of 2.05 MeV, and a triton with the
energy of 2.73 MeV [18]. This reaction can be used for neutron
counting since the cross-section of the reaction is well known (940 b
for thermal neutrons at 2200 m/s velocity [19]), and the reaction rate
in the sample is directly proportional to the cross-section. A 6Li
converter can also be used for the calibration of the detector for
neutron cross-section measurements with different converters.
In the experiment described in this article, a 6LiF neutron converter
was employed with a diamond detector for a spectroscopic measure-
ment in a thermal neutron beamline at the tangential beam port of the
TRIGA reactor. Since the measurement was performed close to the
reactor, there was a high gamma background. These gammas are also
registered by a diamond detector, so a background rejection is needed
in order to separate the spectra of the charged particles from the
gamma spectrum. Shielding the detector from the gamma radiation
affects the thermal neutron beam which can be a serious problem if
the neutron ﬂux is low. Background gammas can also be produced
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through neutron inelastic reactions within the components of the
detector itself. In this experiment the gamma background rejection
was achieved via an analysis of the signal pulse shapes read out from
the detector. The pulse shape analysis provides a clear distinction
between the pulses which correspond to the charged products of the
6Li(n,T)4He reaction and the gamma background.
2. Experimental setup
The measurements were performed at a thermal neutron
beamline of the TRIGA Mark-II reactor at the Atominstitut (Vienna
University of Technology). This is a research swimming pool-type
reactor with a maximum power output of 250 kW in continuous
mode [20]. The beamline that was used in the experiment delivers
a monochromatic neutron beam with a wavelength of 2.6 Å which
is reﬂected out of the tangential beam port by means of Bragg
reﬂection from a pyrolytic graphite crystal in (002) orientation.
Higher order reﬂected neutron with wavelengths 1.3 Å and 0.87 Å
are also contained in this beam [21]. The neutron ﬂux density
provided by this setup is about 1000 neutrons/cm2s.
As front-end readout electronics a CIVIDEC B1 Single-Crystal
Diamond Detector was used together with a CIVIDEC C2 Broad-
band Ampliﬁer (2 GHz, 40 dB) and a CIVIDEC Cx Spectroscopic
Shaping Ampliﬁer (12 mV/fC). The active area of the diamond
detector was 4 mm4 mm and the thickness was 500 mm. The
detector was operated at an electric ﬁeld of 1 V/mm.
The 6Li(n,T)4He reaction was produced by a 6LiF neutron con-
verter. This converter consisted of a 1.8 mm thick 6LiF layer deposited
on a 6 mm thick aluminium foil. The enrichment of 6Li was 95%. The
converter sample was mounted upstream of the diamond detector.
The detector had an aperture with a diameter of 3 mm. The air gap
between the 6LiF neutron converter and the diamond was 1.6 mm.
In Fig. 1 the experimental setup is shown. The detector with the
converter was positioned in the neutron beam with its surface
perpendicular to the incoming neutron ﬂux. The 6LiF converter
was mounted upstream of the detector. The alpha-particles and
tritons produced in the converter were collimated by an aperture
of 3 mm diameter.
A CIVIDEC ROSYs AX106 readout system was used for data
acquisition. The readout system has a sampling rate of 5 GS/s, 8-bit
ADC resolution and an analogue bandwidth of 250 MHz. The
ROSYs system includes a Linux-based server for data transfer to
the GUI on the remote client via an Ethernet connexion. The pulse
shape-analysis was performed on the recorded data.
3. Pulse-shape analysis
The pulse-shape analysis is based on one of the crucial advantages
of a diamond detector: The shape of the read out pulse is deﬁned by
the initial ionisation proﬁle. Therefore, the initial ionisation proﬁle
can be inferred from the pulse shape [22].
Two examples are given: a Compton electron, which is traver-
sing the whole diamond, will cause a homogenous ionisation, and
consequently a triangular pulse shape (see Fig. 2); an alpha
particle, which stops close to the electrode, will generate a
rectangular pulse shape (see Fig. 3).
In this application, the pulse-shape analysis was based on the
discrimination of the FWHM of rectangular-shaped pulses from
alpha-particles and tritons of the 6Li(n,T)4He reaction and
triangular-shaped pulses from background particles, e.g. Compton
electrons generated by gamma background.
Calibration measurements were performed with an unsealed
alpha-source and a gamma-source in order to determine the
optimum threshold for the FWHM. An optimum was found at
7.5 ns, where 98% of alpha-pulses were identiﬁed as rectangular
pulses, and 99% of gamma-pulses as triangular pulses. Only 2% of
alpha pulses were identiﬁed as gamma pulses and 1% of gamma
pulses were identiﬁed as alpha pulses.
The pulse area is directly proportional to the deposited energy.
The detector was calibrated with an unsealed 241Am α-source with
5.486 MeV. The resulting ionisation energy of the diamond detec-
tor was 12 eV/eh-pair. This calibration applies to all particles
interacting with the diamond detector.
4. Results
4.1. Simulation
In Fig. 4 the expected spectrum of the 6Li(n,T)4He reaction is
shown. This result was obtained using a numerical simulation with
Geant4 [23]. The two peaks correspond to the energy deposition of
alpha (left peak) and triton (right peak) in the diamond detector.
In this simulation the energy losses of the alpha and triton
particles in the converter foil, in the air gap between the converter
foil and the diamond, as well as in the detector electrode, are
taken into account. The FWHM of the triton peak in the simulation
was 98 keV (σt,sim¼738 keV).
Fig. 1. The measurement setup: 6LiF sample, collimator, and diamond detector.
Fig. 2. Triangular pulse shape: ideal, theoretical, measured.
Fig. 3. Rectangular pulse shape: ideal, theoretical, measured.
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The spectrum of the alpha particles is considerably wider than
the spectrum of the tritons due to their higher energy straggling in
the converter foil, the air gap and the detector electrode.
4.2. Measurement with a spectroscopic ampliﬁer
In Fig. 5 the spectrum measured with a CIVIDEC Cx Spectro-
scopic Shaping Ampliﬁer is shown. The Cx ampliﬁer has an
excellent energy resolution due to its low noise. The output pulse
of the ampliﬁer has a FWHM of 180 ns and a counting rate up to
1 MHz can be achieved. The peak, which corresponds to the triton
from the 6Li(n,T)4He reaction with a mean energy of 2.5 MeV and
103 keV FWHM (σt¼739 keV), can be clearly distinguished from
the background spectrum which extends up to 2 MeV.
Since the alpha energy deposited in the detector is below
2 MeV, it is impossible to distinguish the alpha peak from the
gamma background in the measured spectrum. By the introduc-
tion of a pulse height threshold in the readout electronics it is only
possible to discriminate between the gamma background and the
triton spectrum. This amplitude cut also removes the information
about the alpha particles.
4.3. Measurement with a current ampliﬁer
In Fig. 6 the spectrum measured with the Cx ampliﬁer is
compared to the spectrum which was measured with a CIVIDEC
C2 Broadband Ampliﬁer with the pulse shape analysis applied to
the data. The C2 ampliﬁer is a low-noise fast current ampliﬁer
with an analogue bandwidth of 2 GHz. After the analysis of the
pulse shapes recorded with the current ampliﬁer the rectangular
pulses corresponding to the alpha particles and the tritons of the
6Li(n,T)4He reaction were separated from the triangular pulses
corresponding to the gamma background.
After this background rejection by pulse shape analysis, the
peaks corresponding to both charged particles produced in the
reaction can be seen. The alpha peak (on the left) is broader than
the triton peak (on the right) due to the higher energy straggling
of the alpha particles, as it was expected from the result of the
numerical simulation. The integral of the alpha peak is 46% of the
integral of the triton peak because of a noise threshold set in the
readout electronics which reduced the number of registered alpha
particles. The threshold in the measurement was at 0.63 MeV. The
background rejection rate below 2 MeV was 96%, i.e. 4% of the
pulses were identiﬁed as corresponding to the alpha-particles. The
FWHM of the triton peak measured with C2 was 186 keV
(σt¼777 keV). Although the resolution is worse than in the
spectroscopic measurement with Cx ampliﬁer, C2 allows for
discrimination between the alpha particles and the gamma back-
ground which was impossible in the conventional measurement.
In Fig. 7 the distribution of FWHM of the pulses recorded with
the C2 ampliﬁer, with respect to the deposited energy, is shown.
FWHM has a resolution of 0.2 ns which corresponds to 5 GS/s
sampling rate of the readout system.
Pulses with FWHM below the threshold of 7.5 ns correspond to
the gamma background. Pulses with FWHM above the threshold
correspond to the alpha particles and tritons.
4.4. Comparison of measurement and simulation
In Fig. 8 the measured alpha and triton spectra are compared to
the results of the numerical simulation.
The result of the measurement is in good agreement with the
result of the simulation. The rapid cut-off of the measurement
signal below 1 MeV is due to the noise threshold set in the readout
electronics.
5. Conclusions
A diamond detector was successfully used for spectroscopic
measurements with thermal neutrons. In the experiment, the
spectra of the alpha particles and tritons of the 6Li(n,T)4He
reaction were measured using two different experimental setups.
In the ﬁrst method, the Cx Spectroscopic Shaping Ampliﬁer was
used and the triton peak can be clearly seen in the recorded
Fig. 4. Spectrum of 6Li(n,T)4He reaction, expected result from a numerical simula-
tion with Geant4.
Fig. 5. Spectrum of 6Li(n,T)4He reaction measured with a Cx Spectroscopic Shaping
Ampliﬁer.
Fig. 6. Spectrum of 6Li(n,T)4He reaction, measured using the Cx Spectroscopic
Shaping Ampliﬁer, and using the C2 Broadband Ampliﬁer with pulse shape analysis
applied to the data.
Fig. 7. FWHM of the pulses recorded using the C2 Broadband Ampliﬁer, with
respect to the deposited energy.
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spectrum, but the alpha peak is lost in the gamma background. In
the second method, the C2 Broadband Ampliﬁer was used in
combination with the novel pulse shape analysis algorithm. The
algorithm separated the rectangular peaks corresponding to the
alpha particles and tritons of the neutron capture reaction from
the triangular peaks corresponding to the gamma background.
Both the alpha peak and the triton peak can be clearly distin-
guished in the measured spectrum after the background rejection
and they both closely agree with theoretical predictions. Thus, the
pulse shape analysis provides a simple and precise method for
gamma background rejection. This opens the way for CVD dia-
mond detectors to be used for neutron ﬂux monitoring/counting
and neutron cross-section measurements in gamma environ-
ments. Furthermore, the pulse-shape analysis should be equally
applicable to other charged particle signals provided the particles
are absorbed at a shallow depth in the detector (rectangular signal
pulses) and to other background signals that fully traverse the
monitor (triangular signal pulses) and vice versa.
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